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Summary: Intracarotid infusions of leukotriene C4 (LTC4) were used to open selectively the blood-brain barrier (BBB) in ischemic tissue after middle cerebral ar tery (MCA) occlusion in rats. BBB permeability was de termined by quantitative autoradiography using [1 4 CJaminoisobutyric acid. Seventy-two hours after MCA occlusion, L TC4 (4 ILg total dose) infused into the carotid artery ipsilateral to the MCA occlusion selectively in creased the unidirectional transfer constant for perme ability Ki approximately threefold within core ischemic tissue and tissue adjacent to the ischemic core. No effect on BBB permeability was seen within nonischemic brain tissue or in ischemic tissue after only 24 h after MCA
In previous studies, we demonstrated that leuko triene C4 (LTC4) infused into the carotid artery ip silateral to an experimental glial tumor increased the unidirectional transfer constant for permeability Ki twofold within the tumor while no effect on per meability was seen in the normal brain (Black et aI. , 1990) . Normal brain capillaries are rich in 'Y glutamyl transpeptidase ('Y-GTP), an enzyme that inactivates L TC4. In contrast, 'Y-GTP was absent in tumor capillaries. We suggested that normal brain capillaries may resist the vasogenic effects of LTC4, and hypothesized that this could relate to the ablity of 'Y-GTP to act as an "enzymatic barrier" and in activate leukotrienes in normal brain capillaries. We further speculated that leukotrienes could be ----_._--_ .. _ ... _---occlusion. ),-Glutamyl transpeptidase (),-GTP) activity was decreased in capillaries in ischemic tissue at 48 and 72 h after infarction, compared to high ),-GTP in normal brain capillaries and moderate ),-GTP in capillaries in the ischemic tissue at 24 h after infarction. These findings suggest that normal brain capillaries resist the vasogenic effects of L TC4. In contrast, L TC4 increases permeability in capillaries of ischemic tissue, where ),-GTP is de creased. ),-Glutamyl transpeptidase, an enzyme that in activates L TC4 to L TD4 and L TE4 to L TF 4, may act as an "enzymatic barrier" in normal brain capillaries to leuko trienes. Key Words: Blood-brain barrier-Cerebral infarction-),-Glutamyl transpeptidase-Leukotrienes.
important mediators of capillary permeability in pathological conditions where the ability of brain capillaries to inactivate L TC4 is impaired. To sup port this hypothesis, the effects of leukotrienes on blood-brain barrier (BBB) permeability and the al teration of 'Y-GTP activity in ischemic tissue were examined. This article reports on the ability of in tracarotid infusions of LTC4 to open selectively the BBB in the ischemic tissue of the middle cerebral artery (MCA)-occluded rats, and discusses the bio logical implications of this observation.
MATERIALS AND METHODS
Fifty-six female Wi star rats weighing 1lO to 190 g were used for this study. The right MCA of all rats was oc cluded by the technique of Tamura et al. (1981) . Forty one rats were used for autoradiography, and 15 rats were used for ),-GTP histochemistry.
Leukotriene C4 was obtained from Cayman Chemicals (Ann Arbor, MI, U.S.A.), at a concentration of 0.1 mg/ml in a 1: 1 phosphate-buffered saline (PBS)-ethanol solu tion. Aliquots of L TC4 were diluted to experimental con centrations in PBS (Gibco) and the final ethanol concen tration was adjusted to 2.5%. Vials containing L TC4 were sealed under nitrogen and stored at -80°C. et-[l_1 4 C]-aminoisobutyric acid (AlB) (50. 0 mCi/mmol) was ob tained from New England Nuclear.
MCA Occlusion
Rats were anesthetized with intraperitoneal pentobar bital sodium (Nembutal; 40 mg/kg). A vertical 2 cm skin incision was made between the right eye and ear. The temporal muscle was exposed, divided vertically, and re tracted anteriorly and posteriorly. The zygomatic bone and the mandibular bone were partially removed, and the infratemporal fossa was exposed. A small carniectomy was made using a dental drill, approximately I mm supe rior to the foramen ovale. The dura matter was opened along the right MCA. The trunk of the MCA and its sev eral branches were occluded for a length of approxi mately I mm, by ligation using 10-0 nylon thread (Der malon; American Cynamid Co.). The veins runing paral lel to the artery were carefully avoided. The craniectomy was covered with the temporal muscle, and the skin in cision was closed with wound clips. Procedures were car ried out under sterile condition, using an operating micro scope.
Intracarotid infusion experiments
Twenty-four, 48, or 72 h after right MCA occlusion, rats were again anesthetized and a PE-50 polyethylene catheter (Clay Adams, Parsippany, NJ, U.S.A.) was in serted retrograde through the right external carotid artery to the right common carotid artery bifurcation ipsilateral to the MCA occlusion. The right external carotid artery was then ligated. Both femoral arteries and one femoral vein were also cannulated. Body temperature was main tained at 37°C and arterial blood gases, blood pressure, and hematocrit were monitored. Animals with abnormal physiologic parameters were eliminated from the study. LTC 4 (0.8 m!) at a concentration of 5 /Lg/ml or 0. 8 ml of vehicle (2.5% ethanol in PBS, pH 7.1) was infused into the right carotid artery using a constant infusion pump (Harvard apparatus) at a rate of 53.3 /Ll/min for 15 min. Five minutes after the start of the intracarotid infusion, 100 /LCi/kg of [14C] AlB was injected as an intravenous bolus. A Gilson peristaltic withdrawal pump was used to withdraw femoral arterial blood at a constant rate of 0.083 ml/min immediately after injection of [14C] AlB for deter mination of serum radioactivity. Fifteen minutes after the start of intracarotid infusions, animals were killed by de capitation and brains were rapidly removed and frozen.
Autoradiography
Frozen brains were mounted onto pedestals with M-I embedding matrix (Lips haw) and 20 /Lm coronal sections were cut using a cryotome. Sections were thaw-mounted onto cover slips and auto radiograms were generated by coexposing the sections on Kodak XAR-5 film with tissue calibrated 14C standards (Amersham) for 2 weeks. After exposure, sections were stained with hematoxylin and eosin (H & E) to correlate areas of histologically verified ischemia with autoradiograms. Quantitative analysis was performed using a computer-assisted digital image ana lyzer at the Laboratory of Neuro Imaging, University of California School of Medicine, Los Angeles (Toga et aI., 1986) . A unidirectional blood-to-brain transfer constant K;, was calculated using the method of Blasberg et al. (1978) and expressed in /LI g -I min -I .
Histopathological definition of ischemic tissue
Ischemic areas were subdivided into three histological zones according to Garcia and Kamijo (1974) : a central, reactive, and marginal zone. The central and reactive zones were defined as the ischemic core, and the marginal zone as tissue adjacent to the ischemic core. Histologi cally, the ischemic core was characterized by necrosis and vacuolation in the neuropil, polymorphonuclear leu kocytic infiltration, and swollen axons.
'Y-GTP histochemistry
To see the activity of -y-GTP, we examined -y-GTP his tochemistry (Gardell and Tate, 1980) . Twenty-four, 48, or 72 h after MCA occlusion, 15 rats (5 rats in each sub group) were given a lethal dose of Nembutal, and the brains were removed and fixed in 70% ethyl alcohol and embedded in paraffin. Sections, 6 /Lm, were cut, depar affinized, acetone fixed, and incubated at 37°C for 60 min in a reaction mixture of 0.5 mM -y-glutamyl-4-methoxy-2-naphthylamide (Vega Biochemicals, Tucson, AZ, U. S. A.), 15 mM glycylglycine (Sigma, St. Louis, MO, U.S. A.), and 0.05% fast blue BB (Sigma) in 25 mM phos phate buffer pH 7.2, containing 0.25% dimethyl sulfoxide. Sections were then washed with distilled water, rinsed with 0.9% saline for 2 min, and placed in 0. 1 M CuS0 4 for 2 min. Counterstaining of sections was performed with hematoxylin for I min.
Data analysis
K; values were calculated for experiments by measur ing regions of interest in three continuous sections. Anal ysis of variance (ANOV A) and unpaired Student's t test were applied to the mean values from separate experi ments. All data were expressed as mean ± SD.
RESULTS

Physiological status
Arterial blood gas was measured in all rats. The pH, Paco 2 , and Pa0 2 were 7.403 ± 0.046, 32.5 ± 3.7 mm Hg, and 94.6 ± 13.8 mm Hg, respectively (mean ± SO). The mean arterial blood pressure and hematocrit were 12 1.3 ± 11.2 mm Hg and 34.5 ± 4.8%, respectively. LTC4 infusions did not alter physiologic parameters.
Size of infarction
The size of infarction was measured in the section in which the infarcted area is maximum, and was described as mm 2 • In the groups with LTC4, the size was 10.2 ± 9.2, 9.5 ± 3.5, and 12.3 ± 10.3 mm 2 at 24,48, and 72 h after MCA occlusion, respectively. In the control groups with vehicle, the size was 9. 1 ± 6.4,9.6 ± 2.6, and 13.8 ± 8. 1 mm 2 at 24,48, and 72 h after MCA occlusion, respectively. There was no significance in difference among these groups.
Twenty-four hours after MCA occlusion
Intracarotid infusion of L TC4 (n = 6) resulted in a tendency to increase Kj within ischemic core tis sue and tissue adjacent to the ischemic core when compared to vehicle alone (n = 7) (25.9 ± 24.9 versus 14. 9 ± 6.0 fLl g-I min -I and 9.2 ± 6. 9 versus 5. 6 ± 1.7 fLl g-I min-I, respectively), but differ ences were not significant (Fig. 1) . There was no significant change in BBB permeability of the ipsi lateral frontal cortex (4. 3 ± 3. 5 versus 5. 5 ± 3. 9 fLl g-I min -I), contralateral frontal cortex (2. 7 ± 3. 4 versus 3. 2 ± 2. 0 fLl g-I min-I), ipsilateral basal ganglia (6. 8 ± 8.4 versus 5. 0 ± 3. 2 fLl g-I min -I), or contralateral basal ganglia (3. 2 ± 2. 1 versus 3. 4 ± 1. 6 fLl g -I min -I).
Forty-eight hours after MCA occlusion
Intracarotid infusion of LTC4 (n = 7) resulted in more than a 50% increase in Kj within ischemic core tissue when compared to vehicle alone (n = 7) (32. 9 ± 11.6 versus 19. 0 ± 7. 1 fLl g-I min-I, p < 0.05) (Fig. 2) . Intracarotid infusion of L TC4 also resulted in a nonsignificant increase in Kj within tissue ad jacent to the ischemic core (12.6 ± 6. 9 versus 8. 9 ± 5. 1 fLl g -I min -I). BBB permeability was not sig nificantly changed in the ipsilateral frontal cortex (3.5 ± 3.4 versus 6.0 ± 3. 7 fLl g-I min -I), contra lateral frontal cortex (3. 3 ± 3.4 versus 6. 1 ± 2. 5 fLl g-I min-I), ipsilateral basal ganglia (3. 3 ± 2. 8 ver sus 4. 4 ± 3. 6 fLl g -1 min -I), or contralateral basal ganglia (2. 8 ± 2.2 versus 3. 0 ± 2. 8 fLl g -1 min -I) when compared to controls.
Seventy-two hours after MCA occlusion
Intracarotid infusion of LTC4 (n = 7) resulted in approximately a threefold increase in Kj within both the ischemic core and tissue adjacent to the isch emic core when compared to vehicle alone (n = 7) (3 1.6 ± 12.7 versus 10.7 ± 8.6 fLl g-I min-I, p < 0. 005 and 17.6 ± 11.6 versus 4.6 ± 4. 9 fLl g-I min -I, P < 0.05, respectively) ( Fig. 3) . There was no significant change in BBB permeability of the (1l1/g/min) 60 ipsilateral frontal cortex (4. 4 ± 4. 1 versus 2. 1 ± 2.0 fLl g-I min -I), contralateral frontal cortex (4.0 ± 4. 1 versus 3. 3 ± 8.2 fLl g-I min-I), ipsilateral basal ganglia (5. 5 ± 3.5 versus 3. 7 ± 6. 1 fLl g-I min -I), or basal ganglia (3. 9 ± 3. 7 versus 1.7 ± 2.6 fLl g-I min -I) compared to controls.
'Y-GTP staining -y-Glutamyl transpeptidase activity in capillaries within ischemic tissue was only slightly decreased 24 h after MCA occlusion. Forty-eight and 72 h af ter MCA occlusion, in contrast, there was no -y-GTP activity in capillaries within the ischemic core. After 48 and 72 h, -y-GTP levels within tissue adjacent to the ischemic core was also markedly decreased when compared to the intact tissue (Fig. 4) .
DISCUSSION
Arachidonic acid is capable of inducing both cy totoxic and vasogenic brain edema Fish man, 1978, 1984; Chan et aI. , 1983) . Leukotrienes are powerful metabolites of arachidonic acid gener ated via the lipoxygenase pathway, and also have been proposed to promote vascular permeability (Ueno et aI. , 198 1; Samuelsson, 1983; Soter et aI. , 1983; Black and Hoff, 1985a,b) . Furthermore, va sogenic edema produced by direct intraparenchy mal injection of low doses of arachidonic acid can be blocked by pretreating animals with BW755C (an inhibitor of both cycooxygenase and lipoxygenase) but not indomethacin (an inhibitor of cyclooxygen ase), suggesting that the ability of arachidonic acid to produce edema is due at least in part to the con version of arachidonic acid to leukotrienes (Black and Hoff 1985b) .
50
• control (n=7) II L TC4 (n=6) Recently, however, Unterberg et al. (1987a) re ported that arachidonic acid itself and not its degen eration products were responsible for the induction of barrier opening. They concluded that leuko trienes do not promote brain edema or act as medi ators of cerebral edema (Wahl et aI. , 1986 (Wahl et aI. , ,1988 Un terberg et aI. , 1987b,c) .
We have recently demonstrated that LTC4 in fused into the carotid artery ipsilateral to experi mental glial tumors in rats could selectively open the blood-tumor barrier (Black et aI., 1990) . Unlike normal brain capillaries that are rich in ,),-GTP, an enzyme that inactivates LTC4 to LTD4 and LTE4 to LTF4 (Aharony and Dobson, 1984) , tumor capillar ies were shown to lack ,),-GTP. On the other hand, it is reported that inhibitors of ,),-GTP also inhibit the metabolism of LTC4 in the study of cultured and Campbel, 1988) . This led us to spec ulate that normal brain capillaries might use ,),-GTP as an enzymatic barrier to inactivate L TC4, which is a potent mediator of vascular permeability in sys temic capillaries, capillaries that lack ,),-GTP. Since tissue levels of L TC4 are significantly increased in brain tumors in man (Black et al. , 1986) and after a variety of other cerebral insults (Moskowitz et al., 1984) , a loss of ,),-GTP in abnormal or injured brain capillaries could render these capillaries susceptible to the vasoactive effects of increased L TC4 tissue concentrations.
In the present study, the BBB could be selec tively opened in ischemic tissue, 48 and 72 h after MCA occlusion, by intracarotid infusion of LTC4 without increasing permeability in the normal tis- sue. Again, a high correlation between the ability of LTC4 to increase BBB permeability and the loss of 'Y-GTP, as determined by histochemistry in brain capillaries, was demonstrated. Systemic capillaries lack 'Y-GTP, and leukotriene C4 will markedly increase vascular permeability in a variety of systemic capillary beds (Ueno et aI. , 198 1; Samuelson, 1983) . Direct injections of L TC4 into the normal brain parenchyma will increase BBB permeability only at very high (nonphysio logic) doses (Black and Hoff, 1985b) . Lower, phys iologic doses of direct intraparenchymal injections of leukotrienes into normal brain do not increase BBB permeability (our unpublished observation; Unterberg et aI., 1987b) . The loss of 'Y-GTP in in jured brain capillaries could result in a loss of their ability to inactivate leukotrienes and therefore J Cereb Blood Flow Me/ab, Vol. 11. No.4. 1991 FIG. 4. Photomicrographs of 'Y-GTP stain ing (arrow) of rat brain (hematoxylin and eosin, x100). Compared to normal tissue (A). almost all 'Y-GTP activity has disap peared in the capillaries of the ischemic core as well as in the tissue adjacent to the ischemic core, 72 h after MCA occlu sion (8).
make their susceptibility to the vasoactive effects of LTC4 similar to those of systemic capillaries. Inter estingly, both 'Y-GTP and aminopeptidase (an en zyme that converts LTD4 to LTE4) are enzymes unique to brain capillaries and not systemic capil laries (DeBault, 198 1) .
After a cerebral insult, leukotrienes are increased (Moskowitz et aI., 1984; Black et aI., 1986) . In creased levels of leukotrienes combined with a loss of brain capillary enzymes that metabolize these compounds could allow leukotrienes to play a sig nificant role in the development of increased capil lary permeability during cerebral injury. thank Arthur W. Toga, PH.D. for use of the Neuro Imag ing Laboratory, David A. Hovda, PH.D. for his help with photomicrographs, and Gabriele Pollinger, Scott G. Conklin, and Mayumi L. Smith for their technical assis tance.
